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Summary

The plant hormone, indoleacetic acid (IAA), transcrip-
tionally activates two early genes in pea, PS-IAA4/5 and
PS-IAA6, that encode short-lived nuclear proteins. The
identification of the nuclear localization signals {NLS) in
PS-IAA4 and PS-IAA6 using progressive deletion analysis
and site-directed mutagenesis is reported. A C-terminal
SV40-type NLS is sufficient to direct the p-glucuronidase
reporter to the nucleus of transiently transformed tobacco
protaplasts, but is dispensible for nuclear localization of
both proteins. The dominant and essential NLS in PS-IAA4
and PS-IAAG overlap with a bipartite basic motif which is
polymorphic and conserved in related proteins from other
plant species, having the consensus sequence (KKNEK)KR-
X24-79)-(RSXRK}/(RK/RK). Both basic elements of this motif
in PS-IAA4, (KR-X4;-RSYRK), function interdependently as
a bipartite NLS. However, in PS-IAA6 (KKNEKKR-X;5-RKK)
the upstream element of the corresponding motif contains
additional basic residues which allow its autonomous
function as an SV40-type monopartite NLS. The spacer-
length polymorphism, X4 70). in respective bipartite NLS
peptides of several PS-IAA4-like proteins from Arabidopsis
thaliana does not affect nuclear targeting function. The
structural and functional variation of the bipartite basic
motif in PS-1AA4-like proteins supports the proposed integ-
rated consensus of NLS.

Introduction

The plant growth hormone auxin, typified by indole-3-
acetic acid {lAA), regulates various aspects of plant devel-
opment by affecting fundamental processes of plant cell
growth and function, such as celi elongation, ceil division,
ion transport, and differentiation (Estelle, 1992; Went and
Thimann, 1937). Auxin-mediated cell elongation is one of
the fastest hormonal responses known (Evans and Ray,
1969). At the molecuiar level, auxin exerts its regulatory
role by modulating membrane function {Assman, 1993;
8latt and Thiel, 1993) and gene expression {Guilfoyle, 1986;
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Theclogis, 1986). However, the molecular mechanism({s) of
auxin action are not understood.

Auxin-mediated cell elongation is associated with rapid
changes in the expression of a select set of primary
genes {Guilfoyle, 1986; Theologis, 1986). Although several
primary auxin-responsive genes have been isolated and
structurally characterized, the signaling events involved in
their transcriptional activation and the biochemical function
of their encoded proteins are unknown (Estelle, 1992;
Hobbie et al., 1994). Two genes from pea, PS-IAA4/5 and
PS-IAAG, are rapidly (within 4-8 min) induced by auxin
(Theologis et al., 1985). The induction by IAA is due to
transcriptional activation and does not involve stabilization
of the labile transcripts {Koshiba and Theologis, unpub-
lished data). Both genes have been structurally character-
ized, and the auxin-responsive region of the PS-IAA4/5
promoter has been functionally identified (Ballas et al.,
1993; Oeller et al., 1993). The encoded proteins, PS-IAA4
and PS-IAAB, share similar physical properties and extens-
ive amino acid sequence identity in four domains which
are conserved in polypeptides encoded by related early
auxin-inducibie genes, Aux22 and Aux28 from soybean
{Ainley et al., 1988), ARG32 and ARG4 from mung bean
{Yamamoto et al., 1992), AtAux2-11 and AtAux2-27 {Conner
et al.,, 1990), IAA7and JAAZ (Abel and Theologis, 1994} and
IAA3-JAA14 (Abel and Theologis, unpublished data) from
Arabidopsis. A conspicuous structural feature of PS-IAA4-
like proteins is a conservad putative Poc-motif with similar-
ity to the B-ribbon DNA-binding domain of prokaryotic
repressor proteins {Abel et /., 1994; Raumann et al., 1994).
Both polypeptides are short-lived, translationally regulated,
and can direct, as fusions, a f-glucuronidase (GUS) reporter
protein into the cell nucleus {Abel et al., 1994; Qeller and
Theologis, 1995). Thus, an anticipated nuclear function of
these proteins appears to be prirmarily regulated by rapid
changes of steady-state gene expression. The data thus
far obtained suggest a regulatory function of PS-IAA4-
like proteins.

The imporiance of nuclear transport as an additional
major regulatory mechanism to control nuclear protein
function has been increasingly demonstrated for transcrip-
tional activators which act as key genetic switches in
development, cell division-cycle and signal transduction
pathways (Farbes, 1992; Garcia-Bustos et al., 1991; Hill and
Treisman, 1995; Hunter and Karin, 1992). Nuclear protein
import involves selective targeting to and energy-depend-
ent translocation through the nuclear pore complex. Pro-
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Figure 1. Domain structure of PS-1AA4 and PS-1AAB,

The following are shown schematically: (1) conserved domains {I-V) and
inveriant amino acids in the variable regions of the primary structure;
(2) conserved secondary structure elemants as predicted (approximately
70% prediction accuracy) by a neural network algorithm (Rost and Sander,
1993); and (3) positions of cansarvad basic clusters (BC), A, B, and C, basic
amino acids of which are part of putative NLS sequences (PS-1AA4: BC-A,
KKIIHGSSVVKNNNKR; BC-B, KAKIVGWPPIRSYRK®Z: BC-C, KRLRIMK™S;
PSIAAG: BC-A, KKNEKKRZ, BC-B, KKNOVVGWPPVCSYRKK®; BC-C,
KRLRIMK™S; see Abel et al., 1994).

teins that contain nuclear localization signal {NLS)
sequences are complexed by receptors which specificaily
recognize NLS, and are targeted to the nuclear pore com-
plex with the aid of auxiliary factors (Goldfarb, 1994).
Nuclear targeting signals are integral parts of nuclear
protein structure and consist usually of short sequences
with a high proportion of basic amino acids. Depending
on the structure and amino acid composition, these basic
clusters function either independently as monopartite NLS
or interdependently as bipartite NLS (Dingwall and Laskey,
1991; Raikhel, 1992). Mechanisms to control nuclear target-
ing involve regulation of {multiple) NLS accessibility by
ligand binding or protein interaction and modulation of
NLS activity by biochemical modification {Forbes, 1992;
Goldfarb, 1994; Hunter and Karin, 1992}.

In a continuing effort to elucidate the functional domains
and the regulation of PS-IAA4-like proteins, we have ana-
lyzed the nuclear targeting signals in PS-IAA4 and PS-IAAG.
The comparative analysis reveals that the dominant and
necessary NLS in both proteins averlaps with a bipartite
basic motif which is conserved but polymorphic in related
polypeptides. The polymorphism affects amino acid com-
position of the two basic elements and size of the interven-
ing region. The structural diversity and functional flexibility
of the bipartite basic motif conserved in this class of
ubiquitous auxin-regulated proteins directly supports the
integrated consensus of NLS proposed by Dingwall and
Laskey {1991).

Resuits

Strategy to identify functional NLS in PS-IAA4 and
PS-IAAB

Analysis of the primary structure of PS-IAA4-like proteins
reveals three conserved clusters of basic amino acids which
satisfy structural requirements of three major classes of
NLS {Abel et al., 1994). As outlined in Figure 1 for PS-iAA4

and PS-IAA6 from pea, a putative NLS sequence with
similarity to the SV40 large T antigen NLS (PKKKRKV132
{Kalderon et al, 1984); smallest consensus: KR/KXR/K
(Chelsky et al.. 1989)) is found at the end of conserved
domain 1V in basic cluster (BC) BC-C. This seguence
(KRLRIMK in both proteins) also appears similar to the
MATc2-like NLS (KIPIK? (Hall et al., 1984)). A motif com-
posed of two basic elements separated by a short spacer
(KAK-X;-RSYRK8? in PS-IAA4 and KK-X1-RKK® in PS-
IAAG), BC-B, constitutes conserved domain Il and
resembles the prototypical bipartite NLS in nucleoplasmin
from Xenopus (KR-Xo-KKKK'?0 (Robbins et al., 1991)) and
bipartite NLS sequences in plant nuclear proteins {Raikhel,
1992). The two invariant basic amino acids, KR, in the
variable region between conserved domain | and domain
Il, BC-A, are proposed to be part of a potential bipartite
NLS (KK-Xg-KNNNKR38) in PS-IAA4 and of a potential SV40-
type NLS (KKNEKKRZ) in PS-IAAS, respectively.

Using the experimental system of Restrepo et &l. (1990),
we have previously demonstrated nuclear |ocalization of
PS-lAA4 and PS-IAAG in transiently transfected tobacco
protoplasts (Abel et al., 1994). The nuclear accumulation
of GUS:PS-AA4 and GUS::PS-IAA6 fusion proteins in
pea protoplasts confirms these results in a homologous
transformation system (data not shown). Progressive dele-
tion analyses and site-directed mutagenesis have been
employed to analyze functional NLS in PS-IAA4 and PS-
IAAG. Since the configuration of GUS chimera may affect
nuclear targeting efficiency {Shieh et al., 1993; Tinland et af.,
1992; Varagona et al., 1991), most informative constructs of
deletion analyses were tested both as N-terminal and as
C-terminal fusions with GUS. To minimize the possibility
of artifactual folding of mutant proteins, potential NLS
sequences were mutagenized by introducing non-conser-
vative mutations which were designed to maintain the
predicted secondary structure (Rost and Sander, 1993) of
PS-IAA4 and PS-1AAG polypeptides (see Figure 1).

Deletion mapping of PS-IAA4 reveals two independent
NLS

Since the putative NLS sequences in the three conserved
clusters of basic amino acids (BC-A, BC-B, BC-C, Figure 1}
may not necessarily coincide with the functional karyophilic
signals, we first studied the effect of progressive N-terminal
and C-terminal deletions of PS-IAA4 on the nuclear localiz-
ation of GUS::PS-1AA4 fusion proteins. A series of deletions
from the N-terminus reveals that a short C-terminal region
{amino acids 167-189, FVTSCKRLRIMKGTEAKGLGCGV'®)
is sufficient to localize GUS to the nucleus (Figure 2a,
construct 5}. This sequence contains the putative SV40-
type NLS motif KRLRIMK'?® (BC-C). Interestingly, PS-IAA4
deleted for the C-terminus still mediates efficient nuclear
localization of GUS (Figure 2a, construct 6, amino acids 1-



166). Analysis of progressive C-terminal deletions {Figure
2a, constructs 6-9) indicates the presence of a second
karyophilic signal in a central region encompassing 8C-
B (Figure 2a, compare construct 7 with 8). Overlapping
fragments derived from the N-terminal half of PS-lAA4
which comprise aither BC-A {Figure 2a, construct 8, aa 1-
60) or BC-B (Figure 2b, construct 10, amino acids 39-93)
were individually tested. However, unlike the parental
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fragment (Figure 2a, construct 7, amino acids 1-93), both
deletion derivatives are insufficient to direct GUS to the
nucteus {Figure 2a, compare construct 7 with 8 and 10).
This result suggests the presence of a bipartite motif
promoting nuclear localization which requires N-terminal
and central sequences of PS-IAA4.

To further support these cbservaticns and to minimize
the probability that an NLS escapes detection due to
improper folding of GUS hybrids, selected deletions were
additionally tested as N-terminal reporter fusions {Figure
2b). Similar results were obtained as compared with corres-
ponding C-terminal GUS fusions (Figure 2a and b, compare
constructs 8 with 12, 10 with 13, 7 with 14, and 4 with 15).
These results indicate the presence of two NLS in PS-lAA4,
an N-terminal bipartite signal (NLS-N), and a C-terminal
signal (NLS-C}, which are individually sufficient to direct
GUS to the nucleus.

The effect of multiple point mutations aimed at basic
amino acids in BC-C (KRLRIMK'™® — TGLSIMT'’®) was
studied to further characterize NLS-C. Unlike the C-terminal
peptide of wild-type PS-IAA4 (Figure 2a, construct 5, amino
acids 167-188%), the mutant peptide does not promote
nuclear localization of GUS {compare construct 5 in Figure
2a with construct 16 in Figure 2¢). The elimination of
nuclear import indicates that the basic amino acids of the
SvaD-type sequence KRLRIMK'® are part of NLS-C in PS-
IAA4. However, introduction of the same point mutations
into full-length PS-IAA4 has no effect on nuclear targeting
(Figure 2c, construct 17). This observation and the analysis
of progressive N-terminal deletions of PS-IAA4 containing
a mutant NLS-C are consistent with the existence of two
independent NLS {Figure 2c¢). The deletion analyses in
Figure 2 also indicate that the putative nuclear targeting
signals in BC-A and BC-B are individually not sufficient to
promote nuclear localization but, instead, may compose
the bipartite structure of NLS-N.

Bipartite NLS-N js the essential karyophilic signal in
PS-1AA4

In a second approach, we wished to probe more directly
the role of the two karyophilic signals in nuclear transport

Figure 2. Deletion mapping of NLS in PS-IAA4,

C-terminal {a and c) and N-terminal (b) fusions batween PS-IAA4 derivatives
{open box) and GUS (black box, not to scale) are shown schematically.
Positions of cangserved basic clusters are marked by stippled boxes
(designated as A, B, and C; see Figure 1}; muitiple point mutations in BC-
C (KRLRIMK"™® — TGLSIMT'?®) are indicated by an open box. Amino acid
designations of PS-IAA4 derivatives fused to the GUS protein are given in
parentheses on the left for aach plasmid construct. Constructs are numbered
consecutively throughout Figures 2, 3 and 6. The subcelluler locaiization
of the chimeric GUS proteins in transformed tobacco protoplasts is indicated
on the right (N, nuclear; C, cytoplasmic; N>C, predominantly nuclear).
Histochemical GUS staining micrographs are shown for selected
transfactians at the hottom of each panel.
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Figure 3. Mutagenesis analysis of NLS in PS-[AA4.

{a) Effect of mutagenized basic clusters on the subceliular localization of
GUS:PS-IAA4 fusion proteins. Positions of conservad basic clustars are
marked by stippied boxes (A-C); mutations therein are indicated by an
open box (BC-A, KKIHGSSVVKNNNKR¥SENIIHGSSVLENNNES®; BC-B,
KAKIVGWPPIRSYRK®2»PAVIVGWPPICSYGTE2; BC-C, KRLRIMK'TGL-
SIMT78),

{b) Schematic summary of NLS analysis in PS-IAA4. (1) denotes basic
clusters (stippled boxes} which are sufficient {+) to direct GUS to the
nucleus as inferred from deletion analysis (see Figura 2). (2) danntes basic
clusters which are necessary {(+) for efficient nuclear transport of the full-
length protein fused to GUS as inferred from site-directed mutagenesis
{this figure).

of the full-length PS-IAA4 protein. To test whether the
putative signal sequences in BC-A and BC-B are part of
NLS-N and to define whether NLS-N and NLS-C {BC-C) are
functional and necessary for nuclear localization of PS-
IAA4, we used site-directed mutagenesis to replace simul-
taneously multiple basic amino acids within these clusters.
The resulting permutation matrix of mutagenized basic
clusters in GUS::PS-lAA4 fusion proteins is shown in
Figure 3(a).

Mutation of BC-C alone does not visibly affect the effici-
ency of nuclear transport which implies that NLS-C is
not an essential karyophitic signal in PS-1AA4 (Figure 3a,
compare construct 1 with 17}. However, additional mutation
of potential NLS sequences either in BC-A or BC-B {(or in
both) prevent nuclear accumulation of the respective GUS
chimera (Figure 3a, compare construct 17 with 21-23).
These data clearly show that the basic amino acids in BC-A
and BC-B constitute bipartite NLS-N and that both basic
clusters functian in an interdependent manner. The inhibi-
tion of nuclear localization alsc indicates that, most likely,
all karyophilic signals in PS-IAA4 have been inactivated by
mutagenesis though masking of additional NLS caused by
improper folding of chimeric GUS proteins cannot be
ruled out.

In context with wild-type NLS-C, mutation of the hipartite
structure (BC-A and BC-B) results in significant cytoplasmic
localization of GUS activity (Figure 3a, compare construct

1 with 24). However, the histochemical staining is visibly
more intense in the nucleus than in the cytoplasm. Essen-
tially, the same degree of subcellular partitioning of GUS
activity is observed for GUS::PS-IAA4 fusion proteins con-
taining mutations in either BC-A or BC-B (Figure 3a, com-
pare construct 24 with 25 and 26). The partitioned
subceliular localization of GUS activity for PS-1AA4 fusions
defective in the bipartite karyophilic signal is comparable
to the subcellular distribution of GUS activity for deletion
mutants of PS-IAA4 void of an intact bipartite signal (com-
pare constructs 24-26 in Figure 3a with constructs 2 and 3
in Figure 2a). Although NLS-C, as an isolated entity, proves
to be highly sufficient to mediate nuclear localization of
GUS, its targeting ability is significantly reduced in a more
comprehensive native protein context. This phenomenon
is not uncommon and has recently been described for the
C-terminal NLS of the R protein from maize (Shieh ot al.,
1993). The functional analysis of karyophilic signals in PS-
IAA4 is schematically summarized in Figure 3({b).

Comparative analysis reveals similar NLS in PS-1AA6

Similar clusters of basic amino acids which compose
bipartite NLS-N and SV40-type NLS-C in PS-IAA4, are
conserved in the related PS-HAAG polypeptide. Therefore,
a comparative analysis of NLS in PS-lAAS is expected to
substantiate the observations for PS-IAA4, although BC-A
in PS-IAAG (KKNEKKR®) differs significantly in sequence
from the regpective cluster in PS-IAA4 (KKHHGSSVV-
KNNNKR), except for the two invariant C-terminal basic
amino acids, KR (see Figure 1).

A series of N-terminal deletions (Figure 4a, constructs
1-4} reveal that the C-terminus of PS-IAA6 (amino acids
142-179) which also contains the SV40-type NLS seguence
KRLRIMK'®®, is less effective in localizing GUS to the
nucleus as the respsctive region of PS-IAA4 containing
NLS-C. Substantial nuclear localization mediated by the C-
terminus of PS-IAAB is only detectable for N-terminal GUS
fusions (compare constructs 3 and 4 in Figure 4a with 15
in Figure 4b). Deletion of the N-terminus of PS-IAAS (amino
acids 1-35), which contains the potential SV40-type NLS
sequence KKNEKKR? in BC-A, completely prevents nuclear
localization of the respective GUS hybrid (Figure 4a, com-
pare construct 1 with 2). This is consistent with the assump-
tion that basic amino acids of BC-A and BC-B constitute,
as in PS-IAA4, a bipartite karyophilic signal. However,
progressive C-terminal deletions indicate a functional auto-
nomy of the first basic cluster (BC-A) of the anticipated
bipartite element. Irrespective of the configuration of GUS
fusion proteins, N-terminal sequences of PS-IAA6 {(amino
acids 1-84; or amino acids 1-45, MAREGLGLEITELRLGLS-
CGEPKKNEKKRMFSEIDGGVEENGGSG*) are sufficient to
promote nuclaar localization of GUS {compare construct 6
in Figure 4a with construct 14 in Figure 4b, and construct
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Figure 4. Deletion mapping of NLE in PS-IAAB.

C-terminal (a) and N-terminal (b) fusions of PS-IAA6 derivatives (open box)
and GUS (black box, not to scale) ara shown schematically. Positions of
conserved basic clusters are marked by stippled baxes (designated as A,
B, and C; see Figure 1); multiple point mutations in BC-A {KKNEKKR?9>
VNNENKL®) are indicated by an open box.

7 in Figure 4a with construct 12 in Figure 4b). Internal
polypeptides of PS-IAA6 encompassing BC-B are not suffi-
cient to direct GUS to the nucleus {constructs 9, 10 in
Figure 4a and 13 in Figure 4b).

To locate the N-terminal karyophilic signal, the effect of
multiple point mutations in the potential SV40-type NLS
{KKNEKKR29— VNNENKL?%} was studied. Unlike the N-
terminal peptide {amino acids 1-45) of wild-type PS-IAAS,
a corresponding mutant peptide does not promots nuclear
accumulation of GUS {Figure 4a, compare construct 7
with 8), thereby defining the SV40-type NLS sequence
KKNEKKR? as part of the N-terminal karyophilic signal in
PS-IAAB. Next, we assessed by site-directed mutagenesis
the relevance of the three conserved basic clusters for
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Figure 5. Mutegenesis analysis of NLS in PS-1AAG.

{a) Effect of mutagsnized basic clusters on the subcellular localization of
GUS::PS-IAAB fusion proteins. Positions of conserved basic clusters are
marked by stippled boxes (A-C); mutations therein are indicated by an
open hox {BC-A, KKNEKKRZ—VNNENKL?; BC-B, KKNQYVGWPPVCS-
YRKKEAVNQVVGWPPYCSYGTNE; BC-C, KRLRIMK 58 TGLSIMT59),
(b) Schematic summary of NLS analysis in PS-IAAG. (1) denotes basic
clusters (stippled boxes) which are sufficient (+) to direct GUS to the
nucleus as inferred from deletion analysis (see Figure 4). (2} denotes basic
clusters which are necessary {+) for efficient nuclear transport of the full-
length protein fused to GUS as inferred from site directed mutagenesis
(this figure). it should be pointed out that the mutagenesis analysis revealed
that BC-B or BC-C are necassary for efficient nuclear transpart anly in the
presence of BC-A and thus are shown in parentheses.

nuclear transport of full-length PS-IAA6. The respective
permutation matrix is shown in Figure 5(a}. As compared
with wild-type PS-IAAG, mutation of BC-C alone does not
visibly alter the efficiency of nuclear focalization (Figure
5a, compare construct 1 with 18} which implies that NLS-
C, as in PS-{AA4, is not an essential karyophilic signal in
PS-IAAB. Additional mutation of BC-A abolishes nuclear
localization, whereas mutation of BC-C and BC-B still allows
substantial nuclear localization of GUS, although to a
reduced extent {Figure 5a, compare construct 16 with 17
and 18). These abservations suggest relatively independent
function of BC-A that, however, requires synergistic action
of basic residues of BC-B for efficient targeting activity.
As expected, mutation of both terminal SV40-type NLS
sequences (BC-A and BC-C) or of all three basic clusters
completely prevents nuclear transport of the respective
GUS:PS-IAA6 mutant proteins (Figure 5a, constructs 17
and 19). Mutatien of the bipartite structure {BC-A and BC-
B} or of its first basic cluster reveals the limited role in
nuclear transport of NLS-C (BC-C) which is concluded from
the subcellular partitioning of GUS activity (Figure 5a,
compare construct 1 with 20 and 21). However, mutation
of BC-B has no effect on the exclusive nuclear localization
of GUS activity (Figure 5a, compare construct 1 with 22)
which indicates that both SV40-type transport signals (BC-
A and BC-C} act additively in nuclear targeting of PS-IAA6
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Figure 6. Primary structure of the bipartite basic motif in PS-IAA4-like protains.

{a) Effect of mutations of invariant basic amine acids in PS-IAA4-like proteins on the subcellular localization of GUS:PS-IAA4 fusian proteins. Positions of
consarved basic clusters are marked by stippled boxes (A-C), mutations of invariant basic amino acids in BC-A and BGC-B (BC-A,
KKIHGSSYVKNNNKR¥ HKKIIHGSSVVKNNNLE®, BCB, KAKIVGWPPIRSYRKEZ SKAKIVGWPPICSYGT®), and mutation of BC-C (KRLRIMK'ETGLSIMT8)
are indicated by open boxas.

{b) Spacer-length polymorphism of the bipartite basic motif in PS-IAA4-like proteins, Internal peptides of PS-IAA4 (construct 30} and PS-IAA4-like proteins
fram Arabidopsis thaliana (IAA1, 1AA3, IAAS, and IAA9) which comprise the invariant amino acids in BC-A and BC-B of the conserved bipartite basic motif
{indicated by stippled boxes and given above or below) ware tested as N-terminal GUS fusions. The extent of the peptides and number of amino acids
which separate the basic elements (spacing) are given an the left.

{c) Sequence comparison of the conserved bipartite basic motif in PS-IAA4-like proteins. The sequences of experimentally tested bipartite NLS peptides (an
asterisk indicates the GUS fusion site} are aligned with corresponding sequences of related proteina. Basic smino acids in PS-1AA4 and PS-IAA6 are underlined
which have been shown simultanacusly to be necessary for exclusive nuclear localization of the full-length protain. Corresponding invariant amino acids in
tasted and predicted bipartite NLS sequences are shown in bold face type. Additional basic amino acids proximel to the upstream elamant of the bipartite
basic motif, KR, which are proposed to be part of a relatively independent SV40-type NLS, as in PS-IAAS, are also shown in bold face type. Sources of the
sequences are as follaws: a and b, A. thaliana (Abel et al., 1994; 1AA4 and IAAS are encoded by AtAux2-11 and AtAux2-27, respectively {Conner at al., 1990;
Abel and Theologis, unpublished data)); ¢, pea (Pisum sativum) {Oeller et al., 1983); d, mung bean (Vigna radiats) (Yamamoto et al., 1992); e, soybean
{Glycine max} [Ainley ot a/., 1988].

(Figure ba, compare constructs 18 and 20 with 22). The
functional analysis of karyophilic signals in PS-IAAG is
schematically summarized in Figure 5(b}.

Primary structure of the bipartite NLS in PS-IAA4-iike
proteins

The basic clusters BC-A and BC-B contain basic amino
acids which are invariant in PS-IAA4-like proteins (Figure
1; Abel et &l., 1994). We used site-directed mutagenesis to
test the hypothesis that those residues (amino acids KR in
BC-A, and basic residues of motif RSXRK or CSYRKK in BC-
B) constitute the bipartite NLS in PS-IAA4. The mutational
analysis was performed with PS-1AA4 because, unlike in
PS-1AAB, both basic clusters of the bipartite structure (BC-
A and BC-B) act in a mutually interdependent manner to
mediate nuclear transport. To avoid the weak effect of the

less-efficient SV40-type NLS in PS-IAA4 (BC-C), mutations
of conserved basic amino acids in both clusters of the
bipartite structure (BC-A, KKIHGSSVVKNNNKR¥*® _
KKIIHGSSVVKNNNLE; BC-B, KAKIVGWPPIRSYRK® —»
KAKIVGWPPICSYGT®2) were introduced in a mutant NLS-
C background {BC-C, KRLRIMK'® — TGLSIMT'8). As
shown in Figure 6(a), mutation of conserved basic amino
acids in either cluster (or in both) prevent nuclear accumula-
tion of the respective GUS::PS-IAA4 fusion proteins (com-
pare construct 17 with 27-29). Consequently, this study
defines the primary structure of the bipartite NLS in PS-
IAA4 as the bipartite basic motif, KR-X4y-RSYRK®2, and
confirms the interdependence of both basic elements for
nuclear targeting activity.

ldentification of invariant basic amino acids as constitu-
ents of the bipartite NLS in PS-IAA4 immediately suggests
a similar role for the respective bipartite basic motifs in
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Figure 7. Comparison of functionally identified bipartite NLS sequencas.
Amino acids required for interdependent signal function of the basic
domains are given, as identified by: series of single and multiple point
mutations {bold face typa underlined); sets of multiple point mutations
{bold face type); progressive deletion analysis (underlined). Deduced
bipartita NLS sequences which were functionally identified but not further
characterized by deletion or mutagenesis are given below. Sources of the
sequences are: a, this study {see refarence in Figure 8); b {Robbins et al,
1891); ¢ (Kleinschmidt and Seiter, 1988); d (Schraiber st al, 1992}; e
(Varagona and Raikhel, 1994); f (Zhou et al., 1994); g {Zacksenhaus et al,
1993); h (Carringtan et af., 1991); i (Nath and Nayak, 199D); j (Howard et a/,,
1992; Tinland et al., 1992); k {Morin at &/, 1988); | {Picard and Yamamoto,
1987); m (van der Krol and Chua, 1991); n (Citovsky et al., 1982).

related proteins for nuclear transport. Most notably, a
conspicuous feature of the bipartite motif in PS-1AA4-like
proteins is separation of the discrete basic elements by an
intervening region which differs considerably in size (Figure
6¢). Therefore, we wished to test whether analogous
sequences of selected PS-IAA&-like proteins which repres-
ent the extent of the spacer-length polymarphism (24-71
residues), can function as karyophilic signals. We con-
structed translational fusions between the 5-end of the
GUS coding region and sequences encoding the anticip-
ated bipartite NLS peptides of four PS-IAA4-like proteins
from Arabidopsis thaliana (Figure 6b and c). The parental
proteins, I1AA1, [AA3, and IAA9, were shown to direct GUS
into the nuclei of Arabidopsis leaf protoplasts (Abel and
Theologis, 1994; Abel and Theolegis, unpublished data).
The bipartite NLS of PS-IAA4 fused to the N-terminus of
GUS was used as a controf for nuclear localization (Figure
6b, construct 30). As demonstrated by the exclusive nuclear
localization of GUS activity {Figure 6b), all peptides tested
are sufficient to direct GUS to the nucleus. This suggests
a general function of the bipartite basic motif in signaling
nuclear targeting of PS-l1AA4-like proteins.

Discussion

We have used progressive deletion analysis and site-
directed mutagenesis of potential NLS sequences as com-
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plementary strategies to characterize the karyophilic sig-
nals in PS-IAA4 and PS-lIAAG as sufficient and necessary
for nuclear protein import. The data reveal the function of
two consarved NLS in each protein. Although their minimal
sequence requirements have not been defined systematic-
ally yet, mutagenesis analysis identified an SV40-type NLS
near the C-terminus, and an NLS which overlaps with the
conserved bipartite basic motif near the N-terminus of
each polypeptide. Both karyophitic signals belong to major
classes of nuclear transport sequences for which proto-
types, the NLS of the SV40 large T antigen and the bipartite
NLS of the histone-binding nucleoplasmin protein from
Xenopus, have been extensively studied (Dingwall and
Laskey, 1991; Garcia-Bustos et al, 1991).

The nuclear targeting sequence of nucleoplasmin is
composed of two functionally interdependent basic
domains separated by 10 undefined amino acids. The
spacer can tolerate point mutations, small deletions and
insertions {Robbins et al, 1991). The nucieopiasmin-like
bipartite motif is abundant in nuclear proteins and has
been functionally identified as an NLS in a number of
recent studies which revealed that the spacer can vary in
size (see Figure 7). Spacer-length variation supports the
earlier suggestion that the intervening region is only
required to promote the correct, probably juxtapositional,
orientation of the widely spaced basic domains specifying
nuclear targeting (Robbins et al., 19391). The minimal
sequence of the SV40 NLS, PKKKRKV'®2, was defined in
great molecular detail. Although the SV40 paradigm has
been successful in identifying sequences that are necessary
for nuclear protein import, it has been less so in discerning
sequences that are sufficient for nuclear localization
(Dingwall and Laskey, 1991).

In view of (i} the shortfalls of the SV40 paradigm, (ii) the
spacer-length variation in bipartite NLS sequences, and
(iii} the promiscuous binding of putative NLS receptor
proteins to synthetic NLS peptides of different classes
(Hicks and Raikhel, 1993, 1995; Silver et al., 1989; Yamasaki
et al., 1989}, Laskey and co-workers proposed an integrated
NLS consensus: both basic domains of a bipartite signal
coaperate to bind a single receptor and, therefore, are
interdependently required for function. However,
strengthening of either domain by aquisition of additional
basic amino acids would possibly allow its independent
function as a monopartite signal, like the SVA0 T antigen
motif which is considered to be an exceptionally efficient
variant of the downstream basic domain of the nucleoplas-
min bipartite NLS {Dingwall and Laskey, 1991).

Our comparative study of NLS reveals a bipartite basic
motif signaling nuclear import that is conserved but struc-
turally heterogeneous in a class of ubigquitous and redund-
antly encoded proteins. The structural diversity of the
bipartite motif in PS-IAA4 and PS-IAAG strongly supports
the proposed integrated consensus of nuclear targeting
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signals (Dingwall and Laskey, 1991). The bipartite basic
motif in PS-lAA4-like proteins, consensus sequence:
[KKNEK)KR-X;24-71)-{RSXRK)/(RK/RK), is not only extremely
polymorphic with respect to the dimension of the spacer
but is also significantly diverse regarding the amino acid
composition of the upstream basic element. Both basic
elements constitute the bipartite NLS in PS-IAA4, KR-
X4:-RSYRK, and function interdependently. However, the
upstream element of the conserved bipartite motif in PS-
IAA4-like proteins can contain additional basic amino acids
which may allow its autonomous function as an SV40-type
monopartite NLS. This possibility has been demonstrated
for PS-1AAB (KKNEKKR-X35-RKK) and may be similar for
the polypeptides IAA5, ARG3 and GmAux22 (Figure 6c¢),
which all belong to a distinct phylogenetic lineage of PS-
IAAA4-like proteins (Oeller and Theologis, 1995). Mareover,
in addition to the variation of the upstream elemant, the
amino acid compasition of the downstream element is
significantly altered in certain PS-lAA4-like proteins from
A. thaliana (Abel and Theologis, unpublished data). The
conseqguences of a strengthened {more basic} or a relaxed
(less basic) downstream element for nuclear targeting
activity remain to be studied.

The N-terminal NLS in PS-lAA4 and PS-lAAG6 is the
dominant nuclear targeting signal and is essential for
efficient nuclear localization of both proteins. The C-ter-
minal SV40-like NLS sequence, KRLRIMK, which contains
the four-residue SVY40-type consensus KR/KXR/K (Chelsky
et al., 1989), is dispensible for efficient nuclear import.
However, the functionality of NLS-C, although less efficient
than NLS-N, is best seen in mutant PS-IAA4 proteins
containing a disabled bipartite NLS. Both independent
signals are proposed to act in an additive manner. This
effect is obscured by the dominance of the bipartite NLS
in PS-IAA4 but becomes evident by the exclusive nuclear
localization of a PS-IAA6 fusion protein with a mutated
downstream element of the bipartite basic motif. The
relatively independent SV40-like upstream basic element
and the C-terminal SV40-type NLS contribute to efficient
nuclear targeting, although either domain functions as a
less effective NLS in parental full-length PS-IAA6 protein
fusions. These data are reminiscent of studies on polyoma
virus large-T antigen (Richardson et al., 1986} and plant
potyviral Nla protein (Carrington et al., 1991} which identi-
fied mutually independent sequence eiements that contrib-
ute equivalently to nuclear localization. A similar
cumulative effect of independent, individually sufficient
but in the parental context less effective karyophilic signals
has been described for the maize R protein (Shieh et al.,
1993).

The presence of multiple targeting signals in nuclear
proteins has been frequently observed {Garcia-Bustos &t al,
1991). Multivalency of karyophilic signals is also realized
by oligomerization, for example, pentamerization of

nucleoplasmin, and has been suggested to be directly
proportional to the size of the cargo and to increase the
rate of nuclear import (Forbes, 1992). Likewise, Citovsky
et al. (1992) proposed that the VirE2 protein which contains
two bipartite NLS sequences {see Figure 7}, functions as a
molecular chaperone to mediate and facilitate nuclear
uptake of the large Agrobacterium T-complex that consists
of a 20 kb unfolded T-DNA strand associated with the
Virk2 protein and with about 800 malecules of VirE2,
Furthermore, multiple NLS sequences potentially allow
control of nuclear targeting by differential regulation of
NLS activity and accessibility in response to developmental
signals and environmental cues. For instance, hormone
binding to the glucocorticoid receptor results in exposure
of a second, more efficient NLS (Picard and Yamamoto,
1987), and phosphorylation of sequences flanking the NLS
of the 5V40 large T antigen can alter both the rate and the
extent of nuclear protein accumulation (Jans et al, 1991;
Rihs et al., 1991). A developmentally regulated NLS was
identified in the oncoprotein encoded by the adenovirus 5
E1a gene (Standiford and Richter, 1992), and nuclear import
of VirD2 and VirE2 proteins in maize and tobacco roots
is dependent on the developmental stage of the tissue
(Citovsky et al., 1994)}. PS-1AA4-like proteins contain several
conserved putative phosphorylation sites in the vicinity of
both karyophilic signals, and the conserved Bac-motif is
proposed to mediate oligomerization (Abel et al., 1994).
Thus, the nuclear function of these polypeptides appears
to be potentially amenable to a differential regulation at
the topogenic level.

Experimental procedures

Plant material

Pea seeds {Pisum sativum cv. Alaska) were germinated as previ-
ously described (Ballas et al., 1993). Cell-suspension cultures of
Nicatiana tabacum (line XD) were maintained according to Howard
et al. (1992).

Plasmid construction

All plasmids were constructed by standard recombinant DNA
techniques (Sambrook et al., 1988). PCR was used to synthesize
authentic, truncated or mutagenized cDNAs coding for PS-1AA4-
like proteins (PS-1AA4, PS-IAA6 {Oeller et al., 1993); 1AA1, |AA2
(Abel et al., 1994); IAA3, |1AA5, IAAS (Abel and Theologis, unpub-
lished data}). The cDNAs coding for mutant fuil-length poiypep-
tides were reconstructed upon ligation and subcloning of
subfragments which were individually synthesized using muta-
genic amplimers with appropiate restriction recognition site link-
ers. To generate translational fusions with the coding region of
GUS, the amplified cDNA derivatives were subcioned either into
the Ncol site (which provides the transtational start cadon of the
GUS coding region) of pRTL2-GUS or into pRTL2-GUS/NlaABam
(Carrington et al., 1991) after removing the NlaABam fragment by
Bghli/Xbal or Bghi/BamH| digestion, respectively. The Bgil site



provides the C-terminal translational fusion site to GUS, extending
the GUS pretein by Arg-Ser. PCR primer sequences and specifics
of plasmid construction are available upon request. All plasmid
constructs were verified by dideoxynucleotide sequencing {Sanger
et al., 1977).

Transient transformation systems

Preparation and transfection of pea protoplasts was performed
according to Ballas et al. (1993). Tobacco protoplasts were pre-
pared and transfected as previously described {Abel st al., 1994;
Howard et al., 1992).

Histochemical GUS assay

Transfected protoplasts were histochemically assayed for GUS
activity and stained for DNA as previcusly described {(Abel et al.,
1994). Protoplasts and cell nuclei were visualized using differential
interference contrast and epifluorescence aptics {Zeiss Axiophot
microscope), respectively. Plasmid DNAs pRTLZ-GUS:VirD2
{Howard et al., 1992) and pRTL2-GUS {Carrington et al., 1991} were
routinely used as controls for nuciear localization and cytoplasmic
locatization of GUS, respectively. Data were taken only when
obtained with tobacce protoplast preparations which yieldad effi-
cient nuclear localization of GUS:VirD2 fusion protein in at least
90% of the transformed (stained) protoplasts. Each plasmid con-
struct coding for GUS-auxin gene fusions was tested two to six
times. Approximately 200 stained protoplasts were inspected
per construct and transfection. We gbserved three patterns of
subcellular distribution of the fusion proteins, as evidenced by
the GUS reactian praduct: {i} nuclear (N}, staining was comparable
to the nuclear localization control, GUS::VirD2 (see Abel et 4.,
1994); {ii) cytoplasmic (C), staining was comparable to the cyto-
plasmic iocalization control, GUS (note that cytoplasmic staining
is less intense in regions which are primarily occupied by vacu-
oles); and liii) predominantly nuclear (N>>C), intense staining of the
nucleus with significant but uniform staining of the extranuclear
compartment.

Acknowledgments

We thank Mark Johnston, and Thomas Zarembinski for critically
reading, and Ron Wells for editing the manuscript. This research
was supported by postdoctoral feltowships from Boehringer
Ingelheim Fonds, Germany, and the US Department of Agriculture
15335-21430-002-00D) to S.A. and by a grant from the National
Institute of Health of the USA (GM-35447) to A.T.

References

Abel, S. and Theologis, A. (1994) Transient transformation in
Arabidopsis leaf protoplasts: a versatile experimental system
to study gene expression. Plant J. 5, 421-427.

Abel, S., Osller, P.W. and Theologis, A. (1394) Early auxin-induced
genes ancode shart-lived nuclear proteins. Proc. Nat! Acad. Sci.
USA, 91, 326-330.

Ainley, WM., Walker, J.C., Nagao, R. and Key, J.L. (1988) Sequence
and characterization of two auxin-regulated genes from
soybean. J. Biol. Chem. 263, 10 658-10 666.

Assman, 5.M. (1993} Signal transduction in guard celis. Ann. Rev.
Cell Biol. 9, 345-375.

Ballas. N., Wong, L.M. and Theologis, A. (1993) Identification of

Karyophilic signals in auxin-inducible proteins 95

the auxin-responsive element, AuxRE, in the primary
indoleacetic acid-inducible gene, PS-IAA4/5, of pea (Pisum
sativum). J. Mol. Biol. 233, 580-596.

Blatt, M.R. and Thiel, G. {1933) Hormonal control of ion channel
gating. Ann. Rev. Plant Physiol. Plant Mol. Biol. 44, 543-567.
Carrington, J.C., Freed, D.D. and Leinicke, A.J. (1991) Bipartite
signal sequence mediates nuclear translocation of the plant

potyviral Nla protein. Plant Cell, 3, 953-962.

Chelsky, D., Ralph, R. and Jonak, G. (1989) Sequence requirements
far the synthetic peptide-mediated transiocation to the nucleus.
Mol. Cell. Biol. 9, 2487-2492.

Citovsky, V., Zupan, J., Warnick, D. and Zambryski, P. {1992)
Nuclear localization of Agrobacterium VirE2 pretein in plant
cells. Science, 256, 1802-1805.

Citovsky, V., Warnick, D. and Zambryski, P. (1994) Nuclear import
of AgrobacteriumVirD2 and VirE2 proteins in maize and tobacco.
Proc. Natl Acad. Sci. USA, 91, 3210-3214.

Conner. TW., Goekjian, V.H., LaFayette, PR. and Key, J.L. (1990)
Structure and expression of twa auxin-inducible genes from
Arabidopsis. Plant Mol. Bio!. 15, 623-632.

Dingwall, C. and Laskey, R.A. (1991) Nuclear targeting sequences—
a consensus? Trends Biochem. Sci. 16, 478-481.

Estelle, M. (1992) The ptant hormone auxin: Insight in sight.
BioEssays, 14, 439-443.

Evans, M. and Ray, PM. (1969) Timing of the auxin response in
coleoptiles and its implications regarding auxin action. J. Gen.
Physiol, 53, 1-20.

Forhes, D.J. {1992} Structure and function of the nuclear pore
complex. Ann. Rev. Cell Biol. B, 435-527.

Garcia-Bustos, J., Heitman, J. and Hall, M.N. {1991) Nuclear
protein localization. Biochim. Biophys. Acta, 1071, 83-101.

Goldfarb, D.S. (1994) GTPase cycle for nuclear transport. Curr.
Biol. 4, 57-60.

Guilfoyle, T.J. {1986) Auxin-regulated gene expression in higher
plants. CRC Crit. Rev. Plant Sci, 4, 247-276.

Hall, M.N., Hereford, L. and Herskowitz, |. {1984} Targeting of E. cofi
f-galactosidase to the nucleus in yeast. Cell, 36, 1057-1065.

Hicks, G.R. and Raikhel, N.V. {1993} Specifi¢ binding of nuciear
{ocalization sequences to plant nuclei. Plant Cell, 5, 983-994.

Hicks, G.R. and Raikhsl, N.V. {1995) Nuclear localization signal
binding proteins in higher piant nuciei. Proc. Nat! Acad. Sci.
USA, 92, 734-738.

Hill, C.S. and Treisman, R. {1995} Transcriptional regulation by
extracellular signals: mechanisms and specificity. Cell, 80,
199-211.

Hobbie, L., Timpte, C. and Estelle, M. (1594) Molecular genetics
of auxin and cytokinin. Plant Mol. Biol. 26, 1499-1519.

Howard, E.A., Zupan, J.R., Citovsky, V. and Zambryski, P.C. (1922}
The VirD2 protein of A. tumefaciens centains a C-terminal
bipartite nuclear localization signal: implications for nuclear
uptake of DNA in plant cells. Celi, 68, 109-118.

Hunter, T. and Karin, M. (1992) The regulation of transcription by
phosphaorylation. Celi, 70, 375-387.

Jans, D.A., Ackermann, M.J., Bischofi, J.R., Beach, D. and Peters,
R. (1991) p34%dZmediated phosphorylation at T124 inhibits
nuclear import of SV40 T antigen proteins. J. Cell Biol. 115,
1203-1212.

Kalderon, D., Roberts, B.L., Richardson, W.D. and Smith, A.E.
(1984) A short amino acid sequence able to specify nuclear
localization. Cell, 39, 499-509.

Kleinschmidt, J.A. and Seiter, A. (13988} |dentifications of domains
involved in nuclear uptake and histone binding of protin N1 of
Xenopus laevis. EMBO J. 7, 1605-1614.

van der Krol, AR. and Chua, N.H. (1991} The basic domain of



96 Steffen Abel and Athanasios Theologis

plant B-ZIP proteins facilitates import of a reporter protein into
plant nuclei. Plant Cell, 3, 667-675.

Morin, N., Delsert, C. and Klessig, D.F. (1989) Nuclear localization
of the adenovirus DNA-binding protein: requirement for two
signals and complementation during viral infection. Mol. Cell.
Biol. 9, 4372-4380.

Nath, $.T. and Nayak, D.P. (1990} Function of two discrete regions
is required for nuclear localization of polymerase basic protein
1 of A/WSN/33 influenza virus {H1 N1). Mol. Call. Biol. 10,
4139-4145.

Oeller, PW. and Theologis, A. (1995) The nuclear proteins encoded
by the early indoleacetic acid inducible genes, PS-1AA4/5 and
PS-IAA6 in pea (Pisum sativum L.), ars ubiguitous and
translationally regulated. Plant J. 7, 37-48.

Oeller, PW., Keller, J.A_, Parks, J.E., Silbert, JE. and Theologis,
A. (1993) Structural characterization of the early indoleacetic
acid-inducible genes, PS-IAA4/5 and PS-IAAS, of pea (Pisum
sativum L.). J. Mol. Biol. 233, 789-798.

Picard, D. and Yamamoto, K.R. {1987) Two signals mediate
hormone-dependent nuclear localization of the glucocorticoid
receptor. EMBO J. 6, 3333-3340.

Raikhel, N.V. (1992) Nuclear targeting in plants. Plant Physiol. 100,
1627-1632.

Raumann, B.E., Bronwen, M.B. and Sauer, R.T. (1994) Major groove
DNA recognition by B-sheets: the ribban-helix-helix family of
gene regulatory proteins. Curr. Opinions Struct. Biol. 4, 36-43.

Restrapo, M.A., Freed, D.D. and Carrington, J.C. {1930) Nuclear
transport of plant potyviral proteins. Plant Cell, 2, 987- 938.

Richardson, W.D., Roberts, B.L. and Smith, A.E. {1986) Nuclear
locatien signals in polyoma virus large-T. Cell, 44, 77-85.

Rihs, H.P., Jans, D.A., Fan, H. and Peters, R. {1991} The rate of
nuclear cytoplasmic transport is determined by the casein kinase
I! site flanking the nuclear localization sequence of the SV40 T-
antigen. EMBC J. 10, 633-639.

Robbins, J., Dilworth, S.M., Laskey, R.A. and Dingwall, C. {1991)
Two interdependent basic domains in nucleoplasmin nuicear
targeting sequence: identification of a class of bipartite nuclear
targeting sequence. Call, 64, 615-623.

Rost, B. and Sander, C. {1993} improved prediction of protein
secondary structure by use of sequence profiles and neural
networks. Proc. Natl Acad. Sci. USA, 90, 7558-7562.

Sambrook, J., Fritsch, EF. and Maniatis, T. (1889) Molecular
Cloning: A Laboratory Manual, 2nd Edn. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory Press.

Sanger, F., Nicken, S. and Coulson, AR. (1977) DNA seguencing
with chain-terminating inhibitors. Proc. Nat! Acad. Sci. USA, 74,
5463-5467.

Schreiber, V., Molinete, M., Boeuf, H., deMurcia, G. and Menissier-
deMurcia, J. {1992) The human poly{ADP-ribose) polymerase
nuclear localization signal is a bipartite element functionally
separate from DNA binding and catalytic activity. EMBO J. 1,
3263-3269.

Shish, M.W., Wessler, S.R. and Raikhel, N.V. (1993} Nuclear
targeting of the maize R protein requires two nuclear localization
sequences. Plant Physiol. 101, 353-361.

Silver, P., Sadler, 1. and Osbome, M.A. {1989) Yeast proteins that
recognize nuclear localization sequences. J. Cei! Biol 109,
983-989.

Standiford, D.M. and Richter, J.D. (1992) Analysis of a
developmentally regulated nuclear localization signal in
Xenopus. J. Cell Biol. 118, 991-1002.

Theologis, A. {1986) Rapid gene regulation by auxin. Ann. Rev.
Plant Physiol. 37, 407-438.

Theologis, A., Huynh, T.V. and Davis, R.W. (1985) Rapid induction
of specific mRNAs by auxin in pea epicotyl tissug. J. Mol. Biol.
183, 53-68.

Tinland, B., Koukolikova-Nicola, Z., Hall, M. N. and Hohn, B. (1992)
The T-DNA-linked VirD2 protein contains two distinct functional
nuclear localization signals. Proc,’ Nat! Acad. Sci, USA, 89,
7442-7446.

Varagona, M.J. and Raihkel, N.V. (1994) The basic domain in
the bZIP regulatory protein Opague2 serves two independent
functions: DNA binding and nuclear localization. Plant J. 5,
207-214.

Varagona, M.J., Schmidt, R.J. and Raikhel, N.V. (1991) Monocot
ragulatory protein opaque-2 is localized in the nucleus of maize
endosperm and transformed tobacce plants. Plant Cell, 3,
105-113.

Want, FW. and Thimann, K.V. (1937} Phytohormones, New York:
Macmillan.

Yamamoto, K.T., Mori, H. and Imaseki, H. (1992} ¢cDNA cloning of
indole-3 acetic acid-regulated genes: Aux22 and SAUR from
mung bean {Vigna radiata) hypocotyl tissue. Piant Ceil Physiol.
33,93-97.

Yamasaki, L., Kanda, P: and Lanford, R.E. (1989) ldentification of
four nuclear transport signal-binding proteins that interact with
diverse transport signals. Mol. Ceil. Biol. 9, 3028-3036.

Zacksenhaus, E., Bremner, R., Phillips, R.A. and Gallie, B.L. (1993)
A hipartite nuclear localization signal in the retinoblastoma
gene product and its importance for biological activity. Mol.
Call. Biol. 13, 4588-4599.

Zhou, Z.X., Sar, M., Simental, J.A., Lane, M.V. and Wilson, E.M.
(1994) A ligand-dependent bipartite nuclear targeting signal in
the human androgen receptor. J. Biol. Chem. 269, 13 115-13 123,



